Introduction
============

Pesticides, including insecticides, fungicides, and herbicides, are chemicals that protect crops from destruction caused by various harmful pests. Application of pesticides has been constantly increasing over the past few decades, despite their deleterious effects on human health owing to the persistent residual presence of such chemicals and their derivatives in consumable crops, which show bioaccumulation and biomagnification. Chronic exposure to pesticides can disturb the function of various organs in the body, including the integumentary, immune, nervous, cardiovascular, respiratory, and other systems.[@b1-ott-11-489],[@b2-ott-11-489] Mostly, pesticides are absorbed through the skin during mixing, loading, and processing. However, the skin is the most prospective body surface to come into contact with pesticides that can cause toxic effects. Zineb is a class of fungicide (bisdithiocarbamate), and is used in paints on leather, linen, and wood. It controls many fungal diseases in crops through the spraying of 2.5 kg/1,000 L water/ha in fields, and has been found at 200 mg/m^3^ in the environment.[@b3-ott-11-489],[@b4-ott-11-489] It has been reported that zineb causes genotoxicity and cytotoxicity in various in vitro and in vivo models.[@b5-ott-11-489],[@b6-ott-11-489] Cecconi et al[@b7-ott-11-489] reported that zineb is toxic to insects and a metabolic poison for mammals.

Living skin cells can react to zineb in different ways, such as redness, pain, heat, and swelling, ie, inflammation.[@b4-ott-11-489] The degree of inflammation is a direct result of the concentration-dependent response to zineb. Excess inflammation can cause cell death, and then the manifestation will be much more severe. Zineb-induced cell death occurs when ROS are generated more quickly than they are scavenged by antioxidant defense mechanisms.[@b8-ott-11-489] Increased ROS levels in a cellular system can lead to damage to cellular DNA, proteins, lipids, and cellular and molecular changes that can result in cell toxicity and cell death.[@b9-ott-11-489],[@b10-ott-11-489] It is reported for the first time in this study that HaCaT cells exposed to zineb show significantly enhanced reactive oxygen species (ROS) levels and consequent increased DNA-strand breaks and decrease in cell viability in human keratinocytes. The current study was designed to assess the cytotoxicity of zineb, as well as to investigate the mechanism of zineb-induced cell death (apoptosis and necrosis) in HaCaT cells.

Materials and methods
=====================

Chemicals and consumables
-------------------------

Zineb (ethylene bisdithiocarbamate) was purchased from Sabero Organics (Mumbai, India). FBS, DMEM F12, antibiotics, trypsin, antimycotic solution, MTT, DCFH-DA, neutral red (NR) dye, acridine orange (AO), ethidium bromide (EtBr), PBS, propidium iodide, trypsin--EDTA solution, and cell-lysis solution were procured from Sigma-Aldrich (St Louis, MO, USA). Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA, USA). A cDNA reverse-transcription kit, SYBR green, protein standard and Trizol reagent were bought from Thermo Fisher Scientific (Waltham, MA, USA).

Cell culture
------------

HaCaT cells (human keratinocytes) was purchased from American Type Culture Collection (PCS-200-011; Rockville, MD, USA). These were cultured in DMEM with 10% FBS in 1%--2% antibiotic--antimycotic solution. Cultures were grown with 95% humidity and 5% CO~2~. Cells were viewed with phase-contrast microscopy (Nikon Eclipse TE2000).

MTT assay
---------

The percentage cell viability of HaCaT cells was determined by MTT assay.[@b11-ott-11-489] HaCaT cells were grown in 96-well plates to 80% confluence for the cytotoxicity assay, and exposed to different concentrations of zineb (0--40 µg/mL) for 24 hours, after which 0.5 mg/mL MTT was added and cells incubated for 4 h. The MTT product (formazan crystal) concentration was determined at 550 nm using a microplate reader (Multiskan Ascent; MTX Lab Systems, Bradenton, FL, USA).

Neutral red-uptake assay
------------------------

The NR-uptake (NRU) assay is a dye-inclusion assay. After treatment, plates were incubated for 4 hours with a supplemented medium containing 40 µg/mL NR. Cells were subsequently washed twice with DPBS and the dye extracted with 200 µL destaining solution (ethanol, deionized water, and glacial acetic acid, 50:49:1 v:v:v). Absorbance was read at 540 nm using the microplate reader. Cell viability in terms of percentage of control was expressed in the same manner as for the MTT assay. All data are presented as mean ± SE from three independent experiments.

ROS measurement
---------------

Generation of intracellular ROS was measured using DCFH-DA dye. HaCaT cells were cultured in 96-well plates and grown to 80% confluence. HaCaT cells were treated with various doses of zineb for 24 hours in the presence of 100 mM H~2~-DCFH-DA. Finally, cells were washed with PBS and relative fluorescence intensity determined by spectrofluorometry at 480 nm excitation and 530 nm emission.

For qualitative analysis of intracellular ROS generation in HaCaT cells (2×10^4^) after exposure to zineb, treated cells were incubated with H~2~-DCFH-DA in six-well plates in a CO~2~ (5%) incubator at 37°C for 30 minutes, then washed with normal PBS and fixed with paraformaldehyde (4%). Fluorescence of HaCaT cells was observed by upright fluorescence microscopy (Nikon Eclipse 80i).

Lipid peroxidation
------------------

Lipid peroxidation was determined by evaluation of malondi-aldehyde (MDA) in accordance with Ohkawa et al.[@b12-ott-11-489] HaCaT cells was cultured in six-well plates at 2×10^4^ cells/well and exposed to different concentrations of zineb, HaCaT cell was scraped and cell lysate prepared in lysis buffer. Cell lysates (100 µL) were mixed with 8.1% sodium dodecyl sulfate (200 µL), 20% acetic acid (1.5 mL) adjusted to pH 3.5, and 1.5 mL 0.8% thiobarbituric acid. The solution was increased 4 mL by adding Milli-Q water and warmed to 95°C for 120 minutes. The solution was mixed with *n*-butanol and pyridine (15:1 v:v) and shaken at room temperature. The mixture was centrifuged at 3100 ×*g* for 15 minutes, supernatants collected, and optical density determined at 546 nm. The quantity of MDA was measured according to a standard curve.

Glutathione
-----------

Glutathione was estimated by the method of Saldak and Lindsay.[@b13-ott-11-489] In brief, after exposure to zineb (0--40 µg/mL), treated cells were scraped and separated by centrifugation at 1,500 rpm for 2 minutes at 4°C and lysed in lysis buffer. The cell extract (100 µL) was mixed into reaction mixture (500 µL), 0.4 M Tris buffer (1,000 µL) and 0.01 M 5,5-dithiobis-(2-nitrobenzoic acid) (100 µL). The mixed cell lysate was put for 25 minutes at 37°C and after incubation it was read at 412 nm against blank. The amount of glutathione was expressed as nM/mg protein.

Superoxide dismutase (SOD)
--------------------------

SOD activity was determined in accordance with Kono[@b14-ott-11-489] using nitroblue tetrazolium in the presence of riboflavin. After zineb (0--40 µg/mL) exposure, the cell was scraped and centrifuged at 1,500 rpm for 2 minute at 4°C and lysed in lysis buffer. The cell extract (100 µL) was mixed with 50 mM sodium carbonate buffer (1.9 mL), 1.6 mM nitroblue tetrazolium (30 µL), Triton X-100 (6 µL) and 100 mM hydroxylamine-HCl (20 µL). The reaction mixture was mixed very well and absorbance was read at 560 nm for 5 minutes against blanks (reaction mixtures and cell extract).

Catalase
--------

Catalase activity was measured using the method described by Aebi.[@b15-ott-11-489] Briefly, after zineb (0--40 µg/mL) exposure, the cell was scraped and centrifuged at 1,500 rpm for 2 minute at 4°C and lysed in lysis buffer. The cell extract (100 µL) was mixed with H~2~O~2~ phosphate buffer (800 µL) and distilled water (100 µL) and absorbance was read at 240 nm for 4 minutes against blank (H~2~O~2~ PBS).

Morphological changes in cells by EtBr-AO staining
--------------------------------------------------

Qualitative analysis of normal, apoptotic, and necrotic cells was performed using EtBr/AO morphology assay. Subsequently, cells were exposed to zineb in a concentration-dependent manner. Cells were incubated with a cocktail of EtBr-AO (1 mM). After 30 minutes incubation, cells were washed three times with PBS. Apoptosis/necrosis was observed by fluorescence images in an upright microscope (Nikon Eclipse).

Comet assay
-----------

Comet assay was performed following the method of Ali et al.[@b16-ott-11-489] Cells were cultured in six-well plates. After 24 hours' incubation, cells were treated with and without zineb. The first layer (1% normal agarose) on slide was prepared and dried for 20 min and then 1% low-melting-point agarose (80 µL) was added to the cell suspension (20 µL), covered with cover slip, and kept at 4°C for hardening. A third layer was prepared by 0.5% low-melting-point agarose (80 µL), kept at 4°C for hardening, and the coverslip removed. All slides were put in lysis solution overnight at 4°C. Further, run electrophoresis at 16 V for 30 min. Slides were neutralized with buffer for 5 minutes and stained with EtBr. Percentage tail DNA and olive tail moment (OTM) were applied to determine DNA damage in cells. We have taken total 50 cell images from each concentration (25 cell images from each replicate slide) for analysis of each experiment (Komet 5 image-analysis software).

Western blot analysis
---------------------

HaCaT cells (1.5×10^5^) were plated in six-well plates and incubated for 24 hours at room temperature. Cells were exposed to zineb for 24 hours. Protein was extracted with a cocktail of protein-lysis buffer and protease inhibitor (15 µL/mL). The concentration of protein was determined by the Bradford method.[@b17-ott-11-489] Protein in each treated sample was separated on SDS-PAGE (10%), transferred onto polyvinylidene fluoride membranes, and aspecific sites blocked with 5% nonfat dry milk for 1 hour. The primary human monoclonal antibodies β-actin, Bax, Bcl2, and caspase 3 (1:1,500) were diluted as per the manufacturer's protocol, and put on the membrane for 24 h at 4°C. After incubation, the membrane was washed three times with TBST (10 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20), secondary antibodies (HRP-conjugated) were mixed (1:2,000) and put on the membranes for 2 hours. After being washed three times with PBS, bands were visualized using an Immobilon chemiluminescent HRP substrate (Millipore).

RNA extraction and quantitative RT-PCR
--------------------------------------

With TRI reagent (Sigma-Aldrich), total RNA was extracted from HaCaT cells according to the manufacturer's instructions. Quantification of total RNA was determined at 260 nm by nanodrop spectrophotometry (ND-1000; Thermo Fisher Scientific). cDNA was synthesized by high-capacity reverse-transcription (RT) kit (RevertAid first-strand cDNA-synthesis kit; Thermo Fisher Scientific). For detection of caspase 3, Bax, Bcl2, and β-actin, mRNA polymerase chain reaction (PCR) primers were designed ([Table 1](#t1-ott-11-489){ref-type="table"}).

Statistical analysis
--------------------

Statistical differences were determined by one-way analysis of variance. Data are expressed as mean ± SE for three independent experiments.

Results
=======

Effect of zineb on cell viability
---------------------------------

[Figure 1](#f1-ott-11-489){ref-type="fig"} shows percentage cell viability of HaCaT cells through MTT and NRU tests. Zineb significantly reduced cell viability above 10 µg/mL concentration ([Figure 1](#f1-ott-11-489){ref-type="fig"}). The highest toxicity of zineb was observed at 40 µg/mL, and cell viability dropped by up to 70.5% compared to controls. For NRU assays, similar results were observed. Cell viability was reduced by 62% at the same concentration of zineb (*P*\<0.01). Zineb (20 µg/mL) caused more than 50% cell death in MTT and NRU assays. As such, we found the EC~50~ 24-hour value of zineb 25 µg/mL for HaCaT cells.

ROS generation and oxidative stress
-----------------------------------

To assess oxidative stress in HaCaT cells due to zineb exposure, we evaluated the quantitative and qualitative generation of fluorescent DCF (the result of DCFH oxidation by different peroxides). Zineb-exposed HaCaT cells showed significant enhancement in production of ROS in terms of DCF-florescence intensity. Fluorescence-intensity increased to 445% and 436% in the 20 and 40 µg/mL zineb-treated groups for 24 hours' exposure compared to controls ([Figure 2](#f2-ott-11-489){ref-type="fig"}).

Zineb induced lipid peroxidation in HaCaT cells. After 24 hours incubation with different concentrations of zineb, MDA levels were increased compared to controls ([Figure 3A](#f3-ott-11-489){ref-type="fig"}). Results showed that zineb-induced oxidative stress was further evidenced by depletion of glutathione ([Figure 3B](#f3-ott-11-489){ref-type="fig"}) and enhanced SOD and catalase levels at 10 µg/mL, but, however, SOD and catalase levels declined slightly at 40 mg/mL in comparison to 10 µg/mL ([Figure 3C and D](#f3-ott-11-489){ref-type="fig"}).

AO-EtBr staining
----------------

The effect of zineb showed enhanced apoptosis, which was measured by AO/EtBr morphological assays in HaCaT cells ([Figure 4](#f4-ott-11-489){ref-type="fig"}). Live cells exhibited normal nuclear chromatin with green fluorescence, but apoptotic cells had fragmented DNA (intense orange). Zineb treatment resulted in a significant number of apoptotic cells compared to controls ([Figure 4A--C](#f4-ott-11-489){ref-type="fig"}).

DNA damage
----------

Fragmentation of DNA was measured using the alkaline comet assay, a sensitive tool for measuring DNA-strand breakage in individual cells.[@b18-ott-11-489] DNA damage (percentage tail DNA and OTM) reached about 5.6-fold and 3-fold control values after 24 hours zineb exposure at concentrations of 40 and 20 µg/mL, respectively ([Figure 5](#f5-ott-11-489){ref-type="fig"}). Indeed, zineb induced DNA damage in a concentration-dependent manner.

Western blot analysis
---------------------

Western blot data showed that there was a significant increase in Bax:Bcl2 ratio expression in zineb over control groups. Further significant increase in expression levels of caspase 3 was found in zineb-treated cells over controls ([Figure 6](#f6-ott-11-489){ref-type="fig"}).

mRNA expression in HaCaT cells analyzed by RT-PCR
-------------------------------------------------

Expressions of caspase 3, Bax, and Bcl2 were analyzed by quantitative RT-PCR with and without (control) zineb treatment. Results showed significant (*P*\<0.01) upregulation of Bax and downregulation of Bcl2 in treated cells over controls, as well as increased expression of caspase 3 in treated HaCaT cells ([Figure 7](#f7-ott-11-489){ref-type="fig"}).

Discussion
==========

The concern of toxicity in reference to pesticides has been a key dilemma for human health for the past few decades. Pesticides were developed to control pests for more and safer production, but several pesticides present prospective risks to human health and the environment. Zineb is one of the most widely used commercial fungicides worldwide. Concerns related to fungicide use and human health have been raised, due to the injurious effect on individuals exposed to them. Specifically, exposure to fungicides has revealed a connection with progress of skin diseases.[@b19-ott-11-489],[@b20-ott-11-489] Meanwhile, as skin receives maximum exposure to zineb and other fungicides, it is important to identify their toxicity. Some researchers have recognized the dermal molecular toxicity mechanism of zineb and other fungicides that are widely used. We studied the mechanisms of geno/cytotoxic molecules of zineb using the illustrative human keratinocyte HaCaT cell line as an in vitro skin model. It has been found that numerous fungicides which are applied to inhibit soybean rust can also suppress the cell growth and disrupt the ovarian cell cycle, and zineb exhibits a more significant toxic response.[@b21-ott-11-489] This shows the cytotoxicity of zineb on HaCaT cells. Cell toxicity was increased in a dose dependent manner after 24-hour exposure, and this indicates that zineb can activate cell death in keratinocytes. There are diverse mechanisms of cell death, including necrosis, apoptosis, mitotic catastrophe, and pyroptosis.[@b22-ott-11-489] Several studies have established that pesticides can induce cell apoptosis, resulting in dysregulation of associated functions.[@b23-ott-11-489]--[@b25-ott-11-489] Apoptosis is programmed cell death that serves as a mechanism to maintain homeostasis in normal cells, and initiation of apoptosis may be a principal pathological event that causes cell alteration and diseases.[@b26-ott-11-489] EtBr-AO morphological assays showed that late apoptosis in the form of red fluorescence occur in HaCaT cells rather than necrosis. We also demonstrated that zineb induced apoptosis was a mechanism of toxicity. Molecular markers of cell death, such as Bax:Bcl2 ratio and caspases, showed an increase in late apoptosis compared with controls upon zineb treatment, and exposed cells showed significant DNA damage (percentage tail and OTM), a characteristic of apoptosis. In addition, gene expression and proteins involved in apoptotic pathways were upregulated due to zineb treatment. Bax/Bcl2 and caspase 3 induce intrinsic/extrinsic pathways of apoptosis,[@b27-ott-11-489] and caspase 3 is a final executioner in extrinsic pathways.[@b28-ott-11-489]

[Figure 6](#f6-ott-11-489){ref-type="fig"} indicates that zineb induced Bax/Bcl2 and caspase 3 protein expression. [Figure 7](#f7-ott-11-489){ref-type="fig"} indicates that zineb upregulated *BAX* and *CASP3* and downregulated *BCL2* gene expression. These data imply that ROS mediate mitochondria-dependent pathways involved in zineb-induced apoptosis. It is well acknowledged that the Bax/Bcl2 is involved with levels of mitochondrial membrane potential.[@b29-ott-11-489],[@b30-ott-11-489] Zineb induced the caspase 3 enzyme as a consequence of apoptosis in HaCaT cells. We found that zineb produced significant toxicity in HaCaT cells in a concentration-dependent manner in the range 0--40 µg/mL. Zineb also increased the level of Bax, inhibited levels of Bcl2, and triggered caspase 3 activity, which subsequently evinced apoptosis via the Bax/Bcl2 and caspase 3 pathway.

Conclusion
==========

We established the apoptotic and cell-toxicity effects of zineb in human keratinocyte cells in vitro. Our findings show consumers and agricultural agencies the potential risks of zineb and zineb-containing products.
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![Cytotoxicity of zineb in HaCaT cells for 24 hours.\
**Notes:** (**A**) MTT assay; (**B**) NRU assay. Each value represents the mean ± SE of three experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.\
**Abbreviation:** NRU, neutral red uptake.](ott-11-489Fig1){#f1-ott-11-489}

![Zineb-induced ROS in HaCaT cells.\
**Notes:** (**A**) ROS generation (%) in HaCaT cells; (**B**) fluorescence intensity of intracellular ROS generation in HaCaT cells after zineb exposure for 24 hours. Images were taken with phase-contrast fluorescence microscopy (Nikon 80i; Melville, NY, USA). Magnification: 40×. Each value represents the mean ± SE of three experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.\
**Abbreviation:** ROS, reactive oxygen species.](ott-11-489Fig2){#f2-ott-11-489}

![Levels of (**A**) LPO, (**B**) GSH, (**C**) SOD, and (**D**) Cat activity in HaCaT cells after exposure to zineb for 24 hours.\
**Notes:** Each value represents the mean ± SE of three experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.\
**Abbreviations:** Cat, catalase; GSH, glutathione; LPO, lipid peroxidation; MDA, malondialdehyde; SOD, superoxide dismutase.](ott-11-489Fig3){#f3-ott-11-489}

![EtBr-AO double staining was used to identify live cells (green), apoptotic cells (orange), and necrotic cells (red).\
**Notes:** (**A**) Control cells; (**B**) 20 µg/mL zineb-exposed cells; (**C**) 40 µg/mL zineb-exposed cells; (**D**) graphic representation of apoptotic cells. Note that EtBr entered damaged cells only and bound with condensed nuclear material. Mean ± SE of three experiments are shown. \**P*\<0.05 and \*\**P*\<0.01 compared to control.\
**Abbreviations:** AO, acridine orange; EtBr, ethidium bromide.](ott-11-489Fig4){#f4-ott-11-489}

![DNA-strand breakage in HaCaT cells due to zineb.\
**Notes:** (**A**) Tail DNA (%), (**B**) olive tail moment, and (**C**) control cells, and (**D**) at 40 μg/mL for 24 hours. Each value represents the mean ± SE of three experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.\
**Abbreviation:** Expon, exponential.](ott-11-489Fig5){#f5-ott-11-489}

![Western blot analysis of protein involved in apoptosis due to zineb for 24 hours' exposure.\
**Notes:** (**A**) Bax, Bcl2, and caspase 3. β-Actin was used as internal control to normalize the results. (**B**) Relative quantification of protein-expression levels. Results expressed as mean ± SE of triplicate experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.](ott-11-489Fig6){#f6-ott-11-489}

![mRNA expression of Bcl2, Bax, and caspase 3 in HaCaT cells treated and not treated with zineb.\
**Notes:** Results expressed as mean ± SE of triplicate experiments. \**P*\<0.05 and \*\**P*\<0.01 vs control.](ott-11-489Fig7){#f7-ott-11-489}

###### 

List of primer sequences

  Genes                         Primer sequence
  ----------------------------- ------------------------------
  β-Actin                       F-CCAACCGCGAGAAGATGA
  R-CCAGAGGCGTACAGGGATAG        
  Caspase 3                     F-AGGACTCTAGACGGCATCCA
  R-CAGTGAGACTTGGTGCAGTGA       
  Bax                           F-TTCATCCAGGATCGAGCAGG
  R-TGAGACACTCGCTCAGCTTC        
  Bcl2                          F-TGGACAACCATGACCTTGGACAATCA
  R-TCCATCCTCCACCAGTGTTCCCATC   

**Abbreviations:** F, forward; R, reverse.
